Introduction {#s1}
============

Height is a classic anthropometric quantitative trait in humans due to its ease of measurement, approximately normal distribution and relative stability in adulthood. Since the studies of height in the late 19^th^ and early 20^th^ centuries ([@bib9]; [@bib20]; [@bib8]), twin, adoption and family studies have shown that height is one of the most heritable human quantitative phenotypes ([@bib28]). More recently, genetic linkage studies have helped to elucidate the location of genetic effects in the genome ([@bib21]) and genome-wide association (GWA) studies allowed identification of loci consistently associated with height in populations of different ancestry ([@bib4]; [@bib10]; [@bib14]; [@bib16]; [@bib32]). Besides the genetic factors, a multitude of environmental factors, such as nutrition and childhood diseases, operate during the growth period and can affect the final attained height. These and other proximate biological determinants of height are further associated with social and economic conditions, which in turn are associated with living standards ([@bib3]; [@bib1]; [@bib7]; [@bib29]). The secular trend of increasing height over the 20^th^ century observed in many parts of the world, which has slowed or stopped in most northern European countries, probably reflects the continuous improvement in the standard of living ([@bib7]; [@bib5]; [@bib30]). A recent study showed that the height difference between the tallest and shortest populations a century ago (19--20 cm) has remained the same for women and increased for men ([@bib18]) .

Twin and family studies have consistently estimated that the proportion of variation in adult height explained by genetic differences between individuals, or heritability, in general populations is approximately 0.80 ([@bib8]; [@bib27]; [@bib31]). There is a hypothesis that heritability is not constant and can differ in environments having different amount of environmental variation. Accordingly, it has been suggested that heritability of height is lower in populations with low living standards compared with affluent populations since poverty can lead to a lack of basic necessities important for human growth in part of the population ([@bib29]). However, there is little direct evidence on this issue. A study in Finnish twins born between 1900 and 1957 showed that the heritability of height increased across birth cohorts born in the first half of the century when the standard of living increased and leveled off after World War II thus supporting this hypothesis ([@bib26]). Because this result needs to be replicated, we conducted an individual-based analysis of 40 twin cohorts from 20 countries. We aimed to analyze (i) the genetic and environmental contribution to the variation of adult height across nine birth-year cohorts covering more than 100 years and (ii) to assess whether the pattern varies by geographic-cultural region (Europe, North America and Australia, and East Asia).

Results {#s2}
=======

In the pooled data (all twin cohorts together), mean height was greater in men than in women and increased over the birth-year cohorts in both sexes; the decrease ( \> 1 cm) observed in the latest birth cohort mainly reflects differences in the distribution of different twin cohorts within each group ([Table 1](#tbl1){ref-type="table"}). Both means and variances were significantly different between twin cohorts in all birth-year and sex groups. Mean height was shorter in East Asia than in Europe and North America and Australia in all birth-year and sex groups. The increase in mean height over the birth cohorts (from 1940--1949 to 1980--1994) was substantially greater in East Asia than in the other two geographic-cultural regions. The variance of height was generally greater in men than in women, lowest in East Asia and greatest in North America and Australia, and showed a general trend to increase over the birth cohorts.10.7554/eLife.20320.002Table 1.Descriptive statistics of age and height by sex, birth year and geographic-cultural region. Names list of the participating twin cohorts in this study: two cohorts from Australia (Australian Twin Registry and Queensland Twin Register), six cohorts from East-Asia (Korean Twin-Family Register, Mongolian Twin Registry, Osaka University Aged Twin Registry, South Korea Twin Registry, Qingdao Twin Registry of Adults and West Japan Twins and Higher Order Multiple Births Registry), 18 cohorts from Europe (Adult Netherlands Twin Registry, Berlin Twin Register, Bielefeld Longitudinal Study of Adult Twins, Danish Twin Cohort, East Flanders Prospective Twin Survey, Finnish Older Twin Cohort, FinnTwin12, FinnTwin16, Genesis 12--19 Study, Hungarian Twin Registry, Italian Twin Registry, Murcia Twin Registry, Norwegian Twin Registry, Swedish Twin Cohorts, Swedish Young Male Twins Study of Adults, TCHAD-study, TwinsUK and Young Netherlands Twin Registry), two cohorts from South-Asia and Middle-East (Sri Lanka Twin Registry and Turkish Twin Study) and 12 cohorts from North-America (California Twin Program, Carolina African American Twin Study of Aging, Colorado Twin Registry, Michigan State University Twin Registry, Mid Atlantic Twin Registry, Minnesota Twin Registry, NAS-NRC Twin Registry, SRI-international, University of British Columbia Twin Project, University of Southern California Twin Study, University of Washington Twin Registry and Vietnam Era Twin Study of Aging).**DOI:** [http://dx.doi.org/10.7554/eLife.20320.002](10.7554/eLife.20320.002)AgeHeightAll cohortsAll cohortsEuropeNA and AustraliaEast AsiaBirth yearMeanSDRangeNMean (F, p-value)^\*^SD (F, p-value)^†^NMeanSDNMeanSDNMeanSDMen1886--190967.07.553.5--99.23747171.6 (15, \< 0.001)6.34 (2.5,0.019)3569171.56.27178174.66.881910--191952.216.220.0--95.89171174.2 (23, \< 0.001)6.72 (5.0,\<0.001)4117173.36.375052174.96.911920--192951.616.120.0--90.923147175.4 (62, \< 0.001)6.81 (5.7,\<0.001)6382173.96.4216714176.06.821930--193957.510.533.5--83.212028175.7 (413, \< 0.001)6.70 (2.9,\<0.001)9308175.26.422658178.16.781940--194949.310.623.5--73.922967177.4 (72, \< 0.001)6.73 (2.5,\<0.001)16629177.06.536235178.46.9568164.86.571950--195941.410.019.5--65.024560178.4 (120, \< 0.001)6.96 (6.5,\<0.001)15199178.56.739124178.77.04161167.14.791960--196935.57.119.5--54.013264179.0 (99, \< 0.001)7.49 (2.3,\<0.001)6218179.67.046574179.27.22298168.16.241970--197928.75.419.5--44.014975179.9 (121, \< 0.001)7.55 (5.5,\<0.001)10339180.77.013906179.77.51456170.15.681980--199423.13.219.5--34.49948178.4 (70, \< 0.001)7.59 (4.9,\<0.001)5077178.87.224066179.47.49329173.16.37Women1886--190968.58.153.5--98.05423160.2 (23, \< 0.001)6.14 (3.3,0.006)5011160.26.11412160.26.411910--191962.010.943.6--95.97169161.1 (18, \< 0.001)5.93 (2.5,0.002)5621161.05.851548161.26.201920--192959.711.437.5--91.710975162.1 (65, \< 0.001)5.99 (3.8,\<0.001)7908162.05.893052162.46.161930--193957.910.033.5--83.014610162.7 (249, \< 0.001)6.05 (5.8,\<0.001)11226162.55.833344163.26.491940--194949.910.223.5--74.028537163.7 (175, \< 0.001)6.19 (10.3,\<0.001)20097163.95.938285163.56.57100153.65.331950--195941.39.519.5--64.031250164.4 (146, \< 0.001)6.58 (13.6,\<0.001)18817164.86.2212080164.16.78225155.15.101960--196935.86.919.5--54.320422165.1 (163, \< 0.001)7.00 (8.6,\<0.001)9604166.26.5810182164.66.87438156.85.171970--197929.35.419.5--44.319893165.9 (180, \< 0.001)7.27 (11.5,\<0.001)11819167.36.677034165.07.22718158.55.581980--199423.43.319.5--34.314694164.7 (118, \< 0.001)7.07 (6.2,\<0.001)7291165.66.776274164.96.96633159.85.74[^1][^2]

The variance of adult height explained by additive genetic, shared environmental and unique environmental factors by birth-year cohorts is presented in [Figure 1](#fig1){ref-type="fig"} (estimates with 95% confidence intervals (CIs) are available in [Supplementary file 1A](#SD1-data){ref-type="supplementary-material"}). In men, there was a trend for an increasing total variance from birth cohort 1940--1949 onwards; genetic variance also increased during this period but especially in the two latest birth-year cohorts (1970--1979 and 1980--1994). Height variance due to the environment shared by co-twins was significant from birth cohorts 1920--1929 to 1970--1979, being greatest from 1950 to 1969. The effect of environmental factors unique to each twin individual including measurement error was more similar across birth-year cohorts. Heritability estimates ranged from 0.69 to 0.84 and were greatest in the two earliest and the two latest birth-year cohorts ([Table 2](#tbl2){ref-type="table"}). In women, although the total variance also started to increase from birth cohort 1940--1949, genetic variance showed an increasing trend from the earliest birth-year cohort. Both shared and unique environmental factors explained variation in height in all analyzed birth-year cohorts; whereas the shared environmental variance was somewhat greater in the latest cohorts (1970--1979 and 1980--1994) unique environmental variance was greatest in the earliest one. Although the variance components differed between sexes in all birth-year cohorts, the relative contribution of the genetic and environmental variance components did not differ by sex from 1930--1939 to 1960--1969 ([Supplementary file1B](#SD1-data){ref-type="supplementary-material"}). In contrast to the results in men, heritability estimates in women (0.53 to 0.78) were lowest in the earliest and latest cohorts, particularly in 1886--1909. When we studied the effect of birth year on the genetic variance by using gene-environment interaction models, modest but statistically significant increase was found. The interaction effect was 0.050 (95% CI 0.018--0.082) in men and 0.043 (95% CI 0.019--0.071) in women for the genetic path coefficient per 10 years. This turns to 1.37 (95% CI 0.50--2.27) increase of genetic variance in men and 1.07 (95% CI 0.46--1.79) increase of genetic variance in women per 25 years, i.e. approximately one human generation.10.7554/eLife.20320.003Figure 1.Additive genetic (grey), shared environmental (black) and unique environmental (white) variances of height across birth-year cohorts for the pooled data and by geographic-cultural region.**DOI:** [http://dx.doi.org/10.7554/eLife.20320.003](10.7554/eLife.20320.003)10.7554/eLife.20320.004Table 2.Proportion of the height variance explained by additive genetic, shared environmental and unique environmental factors by birth year, sex and geographic-cultural region.**DOI:** [http://dx.doi.org/10.7554/eLife.20320.004](10.7554/eLife.20320.004)MenWomenAdditive geneticsShared environmentUnique environmentAdditive geneticsShared environmentUnique environmentBirth yearA95% CIsC95% CIsE95% CIsA95% CIsC95% CIsE95% CIsAll cohorts1886--19090.780.690.800.000.000.080.220.200.250.530.430.620.130.050.210.340.310.371910--19190.820.760.870.040.000.100.140.130.150.670.600.740.110.040.180.220.200.241920--19290.720.690.760.140.100.170.140.130.150.700.640.760.120.070.180.180.170.191930--19390.730.680.790.100.040.160.160.150.180.740.680.790.110.060.160.150.140.161940--19490.740.700.780.130.090.170.130.120.130.780.750.820.090.050.130.130.120.131950--19590.720.690.760.160.120.200.120.110.120.730.690.760.150.110.180.120.120.131960--19690.690.630.760.160.090.210.150.140.160.700.660.750.140.090.180.160.150.171970--19790.770.720.830.110.060.170.110.100.120.680.640.730.190.140.230.130.120.131980--19940.840.770.900.050.000.130.110.100.120.660.610.720.210.160.270.130.120.13Europe1886--19090.780.690.800.000.000.080.220.200.250.500.400.600.140.060.230.350.320.391910--19190.850.790.870.000.000.070.150.130.160.660.580.740.100.020.170.240.220.261920--19290.690.620.760.140.070.200.170.160.190.720.650.790.090.030.160.190.170.211930--19390.750.690.810.110.050.170.140.130.160.760.700.820.090.030.140.160.150.171940--19490.770.720.820.100.060.150.130.120.130.790.750.830.080.040.130.130.120.131950--19590.720.680.770.160.110.200.120.110.120.790.750.830.090.050.130.120.110.131960--19690.740.660.830.150.060.230.110.100.120.780.720.850.080.020.150.130.120.141970--19790.810.740.880.090.020.160.100.090.100.740.690.810.150.090.210.110.100.111980--19940.870.770.920.040.000.140.090.080.100.640.570.720.260.180.320.100.090.11North America and Australia1886--19090.830.330.900.010.000.490.160.100.260.760.430.820.000.000.310.240.180.321910--19190.780.700.870.090.000.170.130.120.150.600.440.780.240.060.390.160.140.191920--19290.730.690.770.140.100.180.130.120.140.630.520.760.220.090.330.150.140.171930--19390.810.660.830.000.000.140.190.170.220.700.590.820.170.040.280.130.120.151940--19490.690.610.770.190.100.270.130.120.140.800.720.870.080.000.150.130.120.141950--19590.750.680.820.140.070.210.110.100.120.670.610.730.210.150.260.130.120.131960--19690.660.580.760.160.060.240.180.170.200.630.570.700.180.110.240.180.170.201970--19790.680.570.810.180.050.290.140.130.160.600.530.670.250.180.320.150.140.161980--19940.830.720.890.040.000.160.120.110.140.710.620.810.140.040.230.150.140.16East Asia1940--19490.830.330.970.120.000.610.050.030.120.710.170.940.190.000.730.100.060.181950--19590.640.240.910.230.000.630.130.080.200.420.140.920.480.000.750.100.070.151960--19690.670.360.940.240.000.560.080.060.120.920.670.940.000.000.250.080.060.101970--19790.850.510.950.080.000.430.070.050.090.790.520.960.170.000.430.050.040.061980--19940.880.510.910.000.000.370.120.090.170.580.340.900.310.000.550.110.090.14

Univariate quantitative genetic models for height were then conducted separately in the three geographic-cultural regions ([Figure 1](#fig1){ref-type="fig"} and [Supplementary file 1A](#SD1-data){ref-type="supplementary-material"}). The pattern in Europe was practically the same as that observed for the pooled data because it represents a large proportion of the total sample. In North America and Australia, the total variance of height was greater than in Europe, but the pattern of genetic and environmental variances was less consistent across birth-year cohorts. In East Asia, because of the smaller sample size, the magnitude of the variance components between the birth-year cohorts fluctuated more than in the other two geographic-cultural regions. Genetic variance was generally greater in men than in women in the three geographic-cultural regions. Variance components of height (both raw and relative proportion) showed a similar pattern across birth-year cohorts when analyses were performed for men and women together ([Supplementary file 1C](#SD1-data){ref-type="supplementary-material"}).

Discussion {#s3}
==========

This very large twin study showed no clear pattern in the heritability of height across birth-year cohorts and thus does not support the hypothesis that the heritability of height is lower in populations with low living standards compared with affluent populations, nor that the heritability of height will increase within a population as living standards improve. Since infant mortality rates are higher in men than in women, both in singletons ([@bib6]) and twins ([@bib22]), the higher heritability observed for men in the earliest cohorts could be explained by selection effects since those who survived were the genetically more advantaged and thus less vulnerable to environmental conditions. The greater relative environmental effect on height variation in women than in men, although unexpected because women's growth is considered to be more resistant to environmental influences, is in agreement with the findings in Finnish twins born prior to 1958 ([@bib26]). This might indicate differential access to food and medical care ([@bib7]). Women are also more likely to develop osteoporosis leading to shrinking in old age ([@bib17]), which may affect the greater influence of unique environmental factors in women born in 1886--1910. This idea is supported by results showing that although genetic factors play an important role in bone loss in early postmenopausal women, their effect weakens with age and completely disappears with advanced aging ([@bib15]).

Total and genetic variance of height generally increased across birth-year cohorts; gene-birth year interaction analysis showed that the genetic variance increase was only modest even when it was statistically significant in this very large twin cohort. However, part of the increase in total variance in some birth-year cohorts was also due to the increase in shared environmental variance. This suggests that both greater ethnic diversity and variation in living standards have contributed to the secular increase in height variation. The greatest total height variation in North America and Australia was due to both genetic and environmental factors and the pattern of variance components across the birth cohorts was less consistent than in Europe. A recent study across 14 European countries found that many independent loci contribute to population genetic differences in height and estimated that these differences account for 24% of the captured additive genetic variance ([@bib24]). Therefore, it may be that both allelic frequencies and the effects of genes affecting height vary between the geographic-cultural regions. It has been previously shown that even when the total variance of height was greater in Western populations than in East Asian populations, heritability estimates were largely similar in adolescence ([@bib11]) and from 1 to 19 years of age ([@bib12]); however, the limited statistical power in the data from East Asia does not allow for comparisons across birth cohorts.

The main strength of the present study is the very large sample size of our multinational database of twin cohorts, with adult height data from individuals born between year 1886 and 1994, allowing a more detailed investigation of the genetic and environmental contributions to individual differences in height across birth cohorts than in the previous studies. Important advantages of individual-based data are improved opportunities for statistical modeling and lack of publication bias. This type of analysis is difficult to perform by using literature-based meta-analyses because most of the published studies do not provide the needed statistics by birth-year cohorts. However, our study also has limitations. Countries and/or ethnic-cultural regions are not equally represented and the database is heavily weighted toward populations following Westernized lifestyles. In the classical twin design, parental phenotypic assortment increases dizygotic correlations and thus inflates the shared environmental component when not accounted for in the modeling. In our database, we do not have information on parental height and thus could not take into account assortative mating, which may thus explain part of the shared environmental variation. In addition, most of the height measures were self-reported ([@bib25]), which may bias our analyses toward higher estimates of unique environmental effects due to increased measurement error. However, these sources of bias are unlikely to explain our main result, i.e., relatively similar heritability estimates of adult height over birth cohorts. Finally, since we previously showed that there was no zygosity difference in height variance ([@bib13]), variance components estimates should not be affected by changes in the proportion of MZ to DZ twins across birth-year cohorts.

In conclusion, although the genetic variance of height showed a slightly increasing trend with birth year, heritability estimates did not present any clear pattern of secular changes across birth-year cohorts from 1886 to 1994. Thus, our findings do not support the hypothesis that the heritability of height increases along with increasing living standards and diminishing rate of absolute poverty within populations.

Materials and methods {#s4}
=====================

Sample {#s4-1}
------

This study is based on the data from the Collaborative project of Development of Anthropometrical measures in Twins (CODATwins), which was intended to pool data from all twin projects in the world with information on height and weight measurements for MZ and DZ twins ([@bib25]). For the present analyses, we selected height measurements at ages 19.5--99.5 years. After excluding four cohorts having less than 50 twin individuals in the final database, we had data from 40 cohorts in 20 countries. The participating twin cohorts are identified in [Table 1](#tbl1){ref-type="table"} (footnote) and were previously described in detail ([@bib25]).

From the initial 558,672 height measurements, we excluded those \<145 or\>210 cm in men and \<135 or \>195 cm in women (\<0.1% of the measurements). Since individuals in longitudinal studies have more than one measurement over time, analyses were restricted to one observation per individual resulting in 323,491 individuals. After excluding unmatched pairs (without data on their co-twins), we had 286,780 twin individuals (143,390 complete twin pairs) born between year 1886 and 1994 (40% monozygotic (MZ), 41% same- sex dizygotic (SSDZ) and 19% opposite-sex dizygotic (OSDZ) twin pairs). The smaller proportion of OSDZ compared to SSDZ twins in this study is explained by the fact that some of the twin cohorts in our database have collected, by design, only SSDZ twins and thus do not have data on OSDZ twins. These individuals were categorized into nine consecutive birth year groups described in [Table 1](#tbl1){ref-type="table"}. In order to analyze possible ethnic-cultural differences in the genetic and environmental contribution on height, cohorts were grouped in three geographical-cultural regions: Europe (18 cohorts), North America and Australia (14 cohorts) and East Asia (six cohorts) with 87,116, 53,359 and 1793 twin pairs, respectively. One cohort from the Middle-East and the one from South-Asia were not included in these sub-analyses by geographic-cultural region because the data were too sparse to study these two areas separately.

Statistical analyses {#s4-2}
--------------------

We first tested whether the means and variances of height differed between twin cohorts within each sex and birth-year group ([Table 1](#tbl1){ref-type="table"}). Since the Levene´s test for homogeneity indicated that variances were not homogeneous, a Welch's ANOVA was performed showing that means were significantly different between twin cohorts in all sex and birth-year groups.

To analyze genetic and environmental influences on the variation of height, we used classic twin modeling based on linear structural equations ([@bib19]). MZ twins share the same genomic sequence, whereas DZ twins share, on average, 50% of their genes identical-by-descent. On this basis, it is possible to divide the total variance of height into variance due to additive genetic effects (A: correlated 1.0 for MZ and 0.5 for DZ pairs), dominance genetic effects (D: 1.0 for MZ and 0.25 for DZ pairs), common (shared) environmental effects (C: by definition, correlated 1.0 for MZ and DZ pairs) and unique (non-shared) environmental effects (E: by definition, uncorrelated in MZ and DZ pairs). However, since our data included only twins reared together, we cannot simultaneously estimate shared environmental and dominance genetic effects. All genetic models were fitted by the OpenMx package (version 2.0.1) in the R statistical platform ([@bib2]) using the maximum likelihood method.

Prior to conducting the modeling, height values were adjusted for the year of birth and twin cohort within each birth year and sex groups using linear regressions, and the resulting residuals were used as input phenotypes. The ACE sex-limitation model was selected as a starting point of the univariate modeling based on the following criteria: (i) MZ within-pair correlations were clearly higher than DZ correlations consistent with the influence of genetic effects, (ii) the magnitude of the difference between MZ and DZ correlations (rDZ \> 1/2 rMZ) indicated the presence of common environmental effects and (iii) the lower within-pair correlations for OSDZ than for SSDZ twins observed for most birth-year groups suggested the presence of sex-specific genetic effects (results not shown). Previous findings from this international database showed that both male and female DZ twins are slightly taller than MZ twins in these age groups ([@bib13]), and thus different means for MZ and DZ twins were allowed. The fit of the univariate models for height at each birth-year group is shown in [Supplementary file 1B](#SD1-data){ref-type="supplementary-material"}. In the present study, the equal-environment assumption was tested by comparing the ACE model to the saturated model. The fit of the models after Bonferroni correction of multiple testing did not worsen for most birth-year groups, which suggested that the assumption of equality of variances between MZ and DZ twins was not violated. When fixing A, C and E parameters to be the same in men and women, the fit of the model was poorer in all birth-year groups (p\<0.0001), suggesting that these variance components differ between sexes. We additionally fitted a scale model allowing for different sizes of variance components but fixing the relative size of these components to be equal. Since this model also showed statistically significant differences (p\<0.0001) in some birth-year cohorts, we decided to present the results separately for men and women. Sex-specific genetic effects were significant for some birth-year cohorts, and thus all modeling results are presented in sex-limited form for consistency. Comparative model fitting revealed that the C parameter could be not excluded from the model without a significant deterioration in fit. In order to study how birth year modifies the genetic and environmental variances of height, we additionally conducted gene-environment interaction modeling using birth year as an environmental modification factor ([@bib23]). This modeling offers intercept and interaction term describing the change per birth year which then need to be squared to get raw genetic and environmental variances. To make the results easier to understand, we calculated expected variance change with 95% CI per 25 years, i.e. approximately one human generation.
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In the interests of transparency, eLife includes the editorial decision letter and accompanying author responses. A lightly edited version of the letter sent to the authors after peer review is shown, indicating the most substantive concerns; minor comments are not usually included.

Thank you for submitting your article \"Genetic and environmental influences on adult human height across birth cohorts from 1886 to 1994\" for consideration by *eLife*. Your article has been favorably evaluated by Prabhat Jha (Senior Editor) and four reviewers, one of whom, Eduardo Franco, is a member of our Board of Reviewing Editors. The following individual involved in review of your submission has agreed to reveal their identity: Timothy Frayling.

The reviewers have discussed the reviews with one another and the Reviewing Editor has drafted this decision to help you prepare a revised submission.

Summary:

This study tested the plausible hypothesis -- grounded on economic theory -- that the genetic influences on adult height may have increased over the last several decades as living standards improved, which would have decreased the environmental constraints from socioeconomic deprivation on attained height. The investigators could only test this hypothesis because of the opportunity to pool together via a massive consortium many twin cohorts across multiple continents. They concluded that the hypothesis could not be confirmed, as the heritability of height did not follow any clear secular trends, irrespective of population. This study addresses an interesting question using the power of almost all, if not all, the twin studies in the world -- how has the genetic and environmental component to height altered over the last 100 years? Given all the studies included this can be regarded as as close to the definitive study as one can get.

Essential revisions:

The following are specific points summarized from the reviewers\' critiques. They require your attention for us to consider a revised version of your paper.

1\) Could the relative proportion of MZ to DZ twins have changed over time and this affected the conclusions of this study? The entire set included 40% MZ, 41% same-sex DZ, and 19% opposite-sex DZ. Greater than average height and weight increases the likelihood of a pregnancy resulting in DZ twins. Age over 40 and prior history does the same. Average age at first pregnancy and numbers thereof are likely to have changed over time and represent variables that could be sensitive to era effects related to war and other determinants of deprivation. On the other hand, there are no known genetic correlates of MZ pregnancies and the rate is constant across populations. Another potential confounder related to the above is the improvements in obstetric care over time, which would have increased the survivability of MZ twins.

2\) As a sidebar to the above question: Shouldn\'t the proportion of opposite-sex DZ be higher than what the study found?

3\) I am intrigued by the apparent secular decreases in the proportion of variation due to the unique environment component. This happened for both men and women and were more noticeable for the European cohorts. It seems to me that this suggests that the original declining-deprivation hypothesis has some merit. The authors focused on the additive genetic component but did not discuss much what happened to the other components.

4\) It is worth considering presenting the results of both sexes together as well as split by sex. Whilst I can think of reasons why changes in the heritability of height may differ by sex, it is not clear why the authors have stratified their primary analysis by sex. If the main hypothesis is that secular changes will change the heritability of height, one would expect these to operate in the childhood growth of boys and girls. Perhaps girls will be less susceptible because they grow for a shorter period of their lives. But why reduce the power of the study by half? (Especially when there are wider confidence intervals around estimates from before 1940s.)

5\) Are the differences between men and women in the earliest time points significant? It is not clear. The authors speculate that there may have been stronger survival effects in men, but this will be unnecessary speculation if there is no evidence of a difference between sexes.

6\) It is not possible to prove the negative. Instead can the authors place some bounds on their conclusions? E.g., \"we could exclude an increase of x% genetic variance per generation (25 years) with 95% confidence\"? On a related note, there are no p values or effect sizes anywhere in the main text. This makes the reader take the results on faith (e.g. It is not clear whether \"trend\" means a statistically robust trend or just a hint). I realise these appear in the supplementary information, but I think it would help the reader to see the genetic variances across time with 95% CIs at least (and combined sexes would be most powerful).

7\) Can the authors comment more on the overall increase in variance observed? It is worth noting that the genetic variance appears to go up in line with the overall variance. The reasons for this are not testable I imagine, but presumably could be due to increased ethnic diversity, and greater variation in living standards, as the average increases. It is clear in [Figure 1](#fig1){ref-type="fig"} but not in the text.

8\) [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}: [Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"} should be part of the main article. It would help the reader to see some stats in the main section of the paper.
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Author response

**\[...\]**

*Essential revisions:*

*The following are specific points summarized from the reviewers\' critiques. They require your attention for us to consider a revised version of your paper.*

*1) Could the relative proportion of MZ to DZ twins have changed over time and this affected the conclusions of this study? The entire set included 40% MZ, 41% same-sex DZ, and 19% opposite-sex DZ. Greater than average height and weight increases the likelihood of a pregnancy resulting in DZ twins. Age over 40 and prior history does the same. Average age at first pregnancy and numbers thereof are likely to have changed over time and represent variables that could be sensitive to era effects related to war and other determinants of deprivation. On the other hand, there are no known genetic correlates of MZ pregnancies and the rate is constant across populations. Another potential confounder related to the above is the improvements in obstetric care over time, which would have increased the survivability of MZ twins.*

As mentioned by the reviewer, changes in twinning rates are largely attributable to dizygotic (DZ) twinning. Monozygotic (MZ) twinning is considered an essentially random event with fairly constant rates worldwide, but a significant increase from 1960 has been reported for some countries (Imaizumi et al., 2003). This increasing MZ twinning rate could be explained by the improvements in obstetric care over time increasing the survivability of MZ twins but it has also been associated with increasing use of oral contraceptives (Imaizumi et al., 2003). in vitro fertilization (IVF) also causes MZ twinning occasionally (Aston et al., 2008). Changes in DZ twinning rates are influenced by maternal age, ethnicity, family history, and height and weight. The higher DZ twinning rate since the 1980s have been attributed to the widespread use of IVF and other fertility treatments in most industrialized countries (Imaizumi et al., 2003; Blickstein et al., 2005). Therefore, after the introduction of fertility drugs and IVF, variations in the DZ twinning were not only due to biological factors, but also depended on the popularity of fertility drugs and IVF in each country.

In this sample, the proportion of MZ to DZ twins across the studied birth-year cohorts (from 1886-1909 to 1980-1994) is as follows: 37%, 39%, 41%, 35%, 33%, 38%, 43%, 48%, 50%. This shows that the proportion of MZ to DZ twins is quite similar from 1886-1909 to 1950-1959 (33-41%) and starts to increase from 1960, which does not reflect the rise in DZ twins seen in developed countries during the past three decades. In a previous study on this database, we showed that there was no zygosity difference in height variance, neither in childhood nor in adulthood (Jelenkovic et al., 2015). Therefore, there is no reason to think that changes in the proportion of MZ to DZ twins would affect variance components estimates. This has now been discussed in limitations.

*2) As a sidebar to the above question: Shouldn\'t the proportion of opposite-sex DZ be higher than what the study found?*

The reviewer is right in that the proportion of same sex (SSDZ) and opposite sex (OSDZ) dizygotic twins should be the same. The considerably smaller proportion of OSDZ compared to SSDZ twins in this study is explained by the fact that some of the twin cohorts in our database have collected, by design, only SSDZ twins and thus do not have data on OSDZ twins. This has now been mentioned in the manuscript.

*3) I am intrigued by the apparent secular decreases in the proportion of variation due to the unique environment component. This happened for both men and women and were more noticeable for the European cohorts. It seems to me that this suggests that the original declining-deprivation hypothesis has some merit. The authors focused on the additive genetic component but did not discuss much what happened to the other components.*

A decreasing trend in the proportion of variation due to unique environmental factors (E) across birth-year cohorts was observed only for the four earliest birth cohorts, and was more noticeable in Europe and in women. That is, this trend was not observed in East Asia or North America and Australia (except for the slightly greater relative E variance in 1886-1909 for women in North America and Australia), nor in Europe from 1940 onwards. Moreover, in men, the decrease in relative E variance was not associated with a parallel increase in relative A variance (because relative C variance increased), which does not support the declining-deprivation hypothesis. That is, since height is influenced by environmental factors during the whole growth period (particularly in infancy and puberty), we expect that some of these environmental factors are shared by co-twins; therefore, and according to the hypothesis, this should have been seen as a decrease in C variance, which was not observed. In fact, in several cases a decrease in relative E variance was associated with an increase in relative C variance. If we look at the raw variances, the decreasing trend in E variance in the earliest birth cohorts is noticeable for women but not clear for men.

In summary, the parallel decrease in relative E variance and increase in relative A variance was observed only in European women for the four earliest birth-year cohorts; in fact, the heritability estimate decreased again in the two latest birth cohorts. Therefore, we alternatively speculated that the *greater influence of unique environmental factors in the earliest birth cohorts in women*might be explained by*shrinkage in old age.* Finally, since shared environmental factors did not show any pattern across birth-years cohorts, we described the results but not discussed them in the Discussion.

*4) It is worth considering presenting the results of both sexes together as well as split by sex. Whilst I can think of reasons why changes in the heritability of height may differ by sex, it is not clear why the authors have stratified their primary analysis by sex. If the main hypothesis is that secular changes will change the heritability of height, one would expect these to operate in the childhood growth of boys and girls. Perhaps girls will be less susceptible because they grow for a shorter period of their lives. But why reduce the power of the study by half? (Especially when there are wider confidence intervals around estimates from before 1940s.)*

We presented the results separately in men and women because the model fit statistics showed that the variance components differed between sexes in all birth-year cohorts, and the relative contribution of the genetic and environmental variance components differ in the three earliest and two latest birth-year cohorts (Table 2 in [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}).

*As suggested by the reviewer, we have now estimated both raw and relative genetic and environmental variances for men and women together. However, we decided to present these combined results as a supplementary table (Table 3 in [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}) because 1) they did not provide any additional information on the trend across birth-year cohorts compared to the results for men and women separately and 2) since variance components differed between sexes, we think it is more appropriate to estimate them separately in men and women. This has now been mentioned in the text.*

*5) Are the differences between men and women in the earliest time points significant? It is not clear. The authors speculate that there may have been stronger survival effects in men, but this will be unnecessary speculation if there is no evidence of a difference between sexes.*

*The variance components differed between sexes in all birth-year cohorts, and the relative contribution of the genetic and environmental variance components differed in the three earliest and two latest birth-year cohorts (*Table 2 *in [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}). We have now mentioned in Methods section that these differences were statistically significant at p\<0.0001. Based on these results, we think that it is worth to speculate that there may have been stronger survival effects in men.*

*6) It is not possible to prove the negative. Instead can the authors place some bounds on their conclusions? E.g., \"we could exclude an increase of x% genetic variance per generation (25 years) with 95% confidence\"? On a related note, there are no p values or effect sizes anywhere in the main text. This makes the reader take the results on faith (e.g. It is not clear whether \"trend\" means a statistically robust trend or just a hint). I realise these appear in the supplementary information, but I think it would help the reader to see the genetic variances across time with 95% CIs at least (and combined sexes would be most powerful).*

As suggested by the reviewer, we have quantified the increase in genetic variance per generation by using G-E interaction analyses. The results showed that genetic variance increased 1.37 (95% CI 0.50-2.27) and 1.07 (95% CI 0.46-1.79) per 25 years in men and women, respectively, which information is now given in the main text. The 95% CIs thus shows that the increase of genetic variance is statistically significant but the increasing effect in variance is still quite modest. As suggested by the reviewer, we have now also included in the main text the table showing the proportion of height variance explained by A, C and E factors. As previously explained in comment 4, we finally decided to present in the main text the results separately in men and women (and combined results in supplementary table) because variance components differed between sexes and thus we think that, even if less powerful, results are more correct.

*7) Can the authors comment more on the overall increase in variance observed? It is worth noting that the genetic variance appears to go up in line with the overall variance. The reasons for this are not testable I imagine, but presumably could be due to increased ethnic diversity, and greater variation in living standards, as the average increases. It is clear in [Figure 1](#fig1){ref-type="fig"} but not in the text.*

Although there is a general trend to increasing total and genetic variance across birth cohorts, genetic variance does not always go up with total variance. For example, in men, the greatest increase in total variance was observed from birth cohort 1940-1949 to 1960-1969 and although genetic variance also increased during this period it increased especially in the two latest birth-year cohorts (1970-1979 and 1980-1994). In women, although total variance also started to increase from birth cohort 1940-1949, genetic variance showed the greatest increase from 1886-1900 to 1940-1949. As can be seen in [Figure 1](#fig1){ref-type="fig"}, part of the increase in total variance is due to the increase in shared environmental variance. Therefore, and as suggested by the reviewer, the increase in total height variation could be due to both increased ethnic diversity and greater variation in living standards. This has now been discussed in the text.

*8) [Supplementary file 1](#SD1-data){ref-type="supplementary-material"}: [Tables 1](#tbl1){ref-type="table"} and [2](#tbl2){ref-type="table"} should be part of the main article. It would help the reader to see some stats in the main section of the paper.*

Supplementary Table 2 is now part the main text as [Table 2](#tbl2){ref-type="table"}: however, we have not included Supplementary Table 1 because the results are already provided in [Figure 1](#fig1){ref-type="fig"} (without CIs) and we think it would provide repeated information.

[^1]: ^\*^Welch ANOVA test for equality of means.

[^2]: ^†^Levene's test for equality of variances; SD: standard deviation.
